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EKCIIEPUMEHTAJIHO U3CJIE/IBAHE HA MO/IEJIA HA
E®EKTHUBHATA CIIEKTPAJ/IHA INIUPUHA HA ITYMOBATA
MOHIIHOCT 3A OIIMCAHHUE HA OIITHUYEH YCHUJIBATEJI
C JJETUPAHO C EPBUH BJJAKHO

Tomop Apadan:xueB, UBan Y3yHos, l[Beran MuneB, Kaann /[mmurpon

Peswome: B Hacmosawama paboma e u3cied6ana npuiodcumocmma Ha mooeia Ha
ehexmueHama cnekmpanHa WUPUHA HA WYMOGAMA MOWHOCM 3a ONUCAHUe HA Xda-
pakmepucmuxkume onmudeH ycuisamen ¢ Je2upaHo ¢ epdbuii éiakHo. Excnepumer-
MAanHo ca u3yyeHu 3a6UCUMOCIMMA HA YCUI6aHemo Ha cl1ab cusHal om MouHocmma
Ha HANoOMNEaujomo JvyeHue, Kakmo u egpexma Ha Hacuujave Ha YCuUI6aHemo Npu 20-
JleMu MOoujHocmil Ha cucHaiHomo usivuyeave. Hanpasernomo cpaereHue mexcoy 4uc-
JleHume pe3yaimamil i nojyieHume excnepumMeHmaitu OaHHU NoKazéa 0oopo cvbom-
eemcmeéue U 6 0eama pexcuma Ha paboma Ha ycuneamens. Toea HU noszeonssa oa
3aKA0YUM, Ye MOoOelbm U3N0A36au) eheKmueHama CneKmpaiia WupuHa Ha uymo-
6ama MOufHOCM, Modice ycneutHo 0a 6v0e Npuiazax npu aHaius Ha xapakxmepucmiui -
Kume Ha onmudex ycuisamei ¢ 1e2UpaHo ¢ epouli 61aKHO.

Knrwouoeu oymu: mooen Ha eghekmueHama cnekmpaina wupuHa Ha uymoeama Mouy-
HOCm, onmu4eH ycuieamell ¢ 1e2UpaHo ¢ epouti 61aKHO

EXPERIMENTAL RESEARCH OF THE MODEL OF THE EFFECTIVE
BANDWIDTH OF THE AMPLIFIED SPONTANEOUS EMISSION FOR THE
DESCRIPTION OF AN OPTICAL AMPLIFIER
WITH ERBIUM-DOPED FIBER
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Abstract: In this paper we have researched the applicability of the model of the effec-
tive bandwidth of the amplified spontaneous emission for the description of the char-
acteristics of an optical amplifier with erbium-doped fiber (EDFA). Experimentally,
we have studied the dependence of the gain of a small signal on the power of the
pumping light, as well as the effect of gain saturation when the signal power grow up.
The comparison we have made between the numerical results and the experimental
data derived, shows a good correspondence in both operation modes of the amplifier.
This allows us the conclusion that the researched numerical model can be used suc-
cessfully in the analysis of the characteristics of an optical amplifier with erbium-
doped fiber.
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1. Introduction

The amplifiers with erbium-doped fiber (EDFA) have gained ground in the wave divi-
sion multiplexed multi-channel optical communication systems as well as in the
broadband cable communication systems (CATV) [1-6]. The reason for this are their
parameters in the C band(1525+1565 nm): high gain (30+50dB), broad spectral band

(~ 90 nm), low noise coefficient (3+5dB), high level of the output signal (10 —20 dBm).

The EDFA operation principle 1s based on the absorption of pumping laser light from
the erbium 1ons doped in the fiber and its reemission in the form of stimulated emis-
sion in the amplified optical signal. The stimulated emission defines the optical gain
of the amplified optical signal. An amplified spontaneous emission (ASE) appears
which defines the noise properties of the amplified signal [1-3].

There are three schemes for optical (laser) pumping of EDFA: same direction, oppo-
site direction and both direction. In the first case, the direction of the pumping light
corresponds to the direction of the amplified optical signal, while in the second case
these directions are opposite. For the both direction pumping two pumping lights are
used. One 1s given at the beginning of the fiber parallel to the direction of distribution
of the amplified signal (forward pump), and the other — at the end of the fiber in a di-
rection opposite the direction of distribution of the amplified signal (backward pump).
For the modeling of optical amplifiers on the basis of erbium-doped fiber 1s used a
system of equations describing the distribution of the signals, the pumping and noise
powers along the fiber and equations defining the modification speed of erbium ion
energy levels populations [1-2]. For the description of the population of the two lev-
els, a model with two levels of the erbium 10ns in its stationary approximation [1-2] 1s
used. The existing numerical methods for the analysis of the EDFA characteristics
have been considered in detail in [1,2,4]. In the most detailed model the spontaneous
emission has been described by using many signals (each with spectral width, for ex-
ample 11m), which are being distributed in the two directions along the fiber (forward

ASE and backward ASE) [3]. This model allows for the detailed research of the com-
plex interrelation between amplified signal, pumping light, generated spontaneous
emission (forward ASE and backward ASE), and relative concentration of the active
erbium 1ons [2].

A simple way of measuring the spontaneous emission i1s the model of the effective
spectral width of the noise power [4]. In this model, the spontaneous emission 1is pre-
sented by two signals distributed in opposite directions, each with an equal effective
spectral width [4]. We will mark the signal distributed in the direction of signal distri-
bution (forward ASE) with P, and the one distributed in the opposite direction

(backward ASE) with P,. Using typical values of the parameters of the task, we

have researched numerically in [7] the applicability of the effective spectral width of
the noise power [4] for the correct description of the features of the gain. It has been
shown that the dependencies derived in [7] are well-coordinated with those presented
in [2] and derived by the full approach.

The aim of this paper is to check the applicability of the model of the effective band-
width of the amplified spontaneous emission when its results are compared to those
derived by the experimental research of an optical amplifier with the erbium-doped
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fiber. In this sense, the paper includes two sub-aims. The first one 1s the experimental
research of the amplifier characteristics. The second one 1s the comparison between
the experimental results with the numerical results derived using the noise power ef-
fective spectral width model [4].

2. Description and characteristics of the experimental setting
and the numerical model

In this paragraph we have set two goals. First, we have presented a description of the
existing in Department of Physics of TU-Sofia optical amplifier on the basis of er-
brum-doped fiber (EDFA) and the implemented empirical scheme for the experi-
mental research of its characteristics. Second, we have introduced the basic equations
for the modeling of the amplifier. Special attention has been given to the connecting
of the model parameters to the data known for the particular erbium-doped fiber.
Description of the experimental setting
From the company ,,Amonics”- Hong Kong was delivered in TU-Sofia a fiber ampli-
fier contamning the following basic components: a) signal semiconductor laser with
distributed feedback (DFB) with basic frequency of 1560 nm with adjustable power
up to 1.5 mW. There 1s an option for temperature readjustment of the generated fre-
quency within the range of 1550-1562 nm.; b) semiconductor pumping laser at the
frequency of 980 nm with adjusting power up to 155 mW, additionally provided with
an optical power meter; c) erbium-doped fiber (EDF) of the type R37103 with length
2.5 m; and d) photoreceiver. The additional components are: WDM 980/1550 multi-
plexer, optical isolators at 1550 nm, optical filter at 1560 nm and FC/UPC connectors.
There 1s an option for the connection of a spectral analyzer by an additional connec-
tor.
The scheme for connection of all the above components, implementing EDFA 1s
shown m fig. 1.

Input Output Port 2 Port 3 Input Output I
IN I
Isolator 1 980/1550 nm Erbium- Isolat‘)r 2
. WDM Doped Fiber ; i
I 980 nm Optical Filter I
I Pump Laser
I ouT
o I

Fig.1. Mount scheme of the erbium-doped optical amplifier. The signal laser and the
detector are connected respectively to the connections marked with IN and OUT.

The scheme presented in fig. 1 works as follows. At the entrance marked as IN 1s giv-
en the signal emission from the semiconductor DFB laser at wavelength 1558-
1562nm. The function of 1solator-1 is to stop the going back of a reflected light to the
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signal laser at its operation frequency. The function of the WDM-multiplexor 1s to
gather the signal wavelength A2=1560nm and the pumping wavelength A=980nm gen-
erated by the pumping semiconductor laser in EDF. Isolator-2 stops the going back of
a reflected light to EDF. The filter 1s used to filter ASE around the signal frequency
and make easier the defining of the signal output power. The signal from the output
marked as OUT enters the optical detector measuring the power of the optical emis-
sion.

The fiber R37103 [8] used in the EDFA 1s additionally alloyed with aluminum and
lanthanum. With the additional alloying are reduced the effects from the higher er-
bium 1on concentration and the OH-induced losses. The saturation’s parameter of the
fiber according to the manufacturer’s data is &=1.03x10"(ms)", which means that the

concentration of erbium ions is N, x1.364x10” m™. The spectral dependences of the

absorption a(4) and gain g(41) coefficients of the fiber, given by the manufacturer, are
shown 1 fig. 2.
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Fig. 2. The spectral dependence of the absorption (1) and gain g(4) coefficients the
fiber R37103 in the signal spectral area C and L-band (on the left) and in the area of
pumping (on the right) [8].
Other parameters of the fiber are given 1n table 1 [8].

Diameter of the core (typical) 3.1 um
Diameter of the cladding 125+ 0.7 ym
Diameter of the coating 245+ 10 pm
Peak value of the absorbtin @ 1530 16 - 24 dB/m
nm 840 - 960 nm
Cutoff frequency 0.25+0.02
Numerical aperture 54+0.5 um
Diameter of the mode <10 dB/km
Losses at 1200 nm

Table 1. Mechanical and physical parameters of the fiber R37103
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3. Numerical modeling of the equation system describing the distribution
of the pumping, signal and noise power.

For the modeling of the EDFA 1s used a set of equations describing the distribution of
the signals, the pumping and noise power along the fiber, and equations defining the
modification speed of the erbium 1on energy level populations [1,2]. For a description
of the population of the two levels 1s used a model with two levels of the erbium 1ons
in it stationary approximation [1,2].

In this paper we have studied the gain of one signal with wavelength A, =1560nm,
whose power will be marked by F. We use pumping laser with wavelength
Ap =980 nm , whose power is marked by 5.

For the description of the spontaneous emission we have used the model of the effec-
tive bandwidth of the amplified spontaneous emission. The powers of the two signals
with equal effective spectral width are marked by P}, (forward ASE) and P, (back-

ward ASE). The equations describing the distribution of the signal, pumping and
noise power along the fiber are the following:

dP.
E=T5(0f N, ~0d (N = M) R
dB;
@ =+T (05N, — o5 (N, - ;) B )
_diﬁ =205 N,R+T(o5N, ~ o5 (N, — N, )) Fige)

where I'cand T', are the factors of overlapping of the respective optical distributions

with the part of the fiber which is erbium-doped. o%,0% and of,o} are the cross-sec-

tions of the transitions when there 1s emission and absorption for the two wavelengths
considered. N, [jons/ 1113] 1s the Er’*ion concentration of the fiber core. N, [jons/ m’] 1s

the concentration of exited Er’" ions . F =2hvAv is the power of the spontaneous
emission, whose direction is the same as the direction of the amplified signal, A 1s the
Planck's constant, v, 1s the frequency of the amplified signal. In correspondence with
[4] we have assumed thatAy =1250 GHz (A4 =10nm). The same is the width of the fre-
quency band of transmission of the optical filter in the output of the amplifier. Be-
cause we have considered a short erbium-doped fiber, the attenuation of the signals
has not been given.

The rate equation 1in the steady-state approximation of the model with two lev-
els [1-2] relates the 1on population density in the upper level N,with the field powers

and the total 1on density N,. The N, is given by the expression:

A A A
10 10§ o
T P+—=-T\P e+ Poep J&+——T |\ + P,
AhVS P AhVS S( ASE ASE) AhVP P( E P)

E 2 E A E A
Aot ot A (g 1 o) N (1 o

where 7 ~10ms is the lifetime of the metastable energy level*/,,,of Er’*, and A is the

N, = N, (2)

effective cross- sectional area of the distribution of erbium 1ons.
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The combined consideration of the equations (1) and (2), means the solution of a
boundary problem in two points. The spontaneous emission which 1s propagated in
the distribution direction of the signal P, equals zero at the beginning of the fi-

ber(R:SE(U): 0), and the spontaneous emission which 1s distributed 1n a direction oppo-
site to the signal distribution P, equals zero at the end of the fiber (HSE(L)ZO)_ The

numerical solution of the system of ordinary differential equations (1) and (2) has
been done by the Runge-Kutta method, by program products created by using Math-
ematica software.

The signals considered are distributed in both directions of the fiber, taking into ac-
count the limit conditions, while self coordinated solution 1s found. In this case of
forward direction pumping there are 4 signals: amplified signal F;, pumping signal

F; , and two noise signals distributed in both directions P and P,,,.. For the reaching

of self coordinated solution it 1s applied an appropriate iterative procedure. The sim-
plification related to the application of the noise power effective spectral bandwidth
model 1s the result of the smaller number of noise signals — two, but distributed in dif-
ferent directions.

For the calculation of the cross-sections with absorption o, and emissiong?, for

the wavelengths we are interested in we use the spectral dependencies of the coeffi-
cients of absorption and amplification represented in fig. 2 [4]. If the Er’*ions are uni-
formly distributed in a disk concentric with the fiber core:

ol = B ol .. 85 oh = Gy (3)

TN, © DN TN,

The values of the parameters of absorption and amplification for the signal and pump-
ing emission are: a,=1.365m", a,=2.236m" g,=2.335m". For the calculation of the
factors of overlapping I';and T', we use [2,4]:

e—zﬁwf =Tk e—zasz; (4)

where a=1.55um 1s the fiber core radius (equal of the radius of the erbium-doped ar-
ea), and W, W, are the radii of the Gaussian approximation of the distributions of the
modes for the two emissions. In their turn, W,, W, have been calculated by the approxi-

mated formula of Desurvire:

m:a£0.?59+15£+%]; sza[0.759+ll'/2£+% )

15 1.5 6
S S P P

where V;,=2raNA/ A, are the normalized frequencies for the two wavelengths, and
NA 1s the value of the fiber numerical aperture in table 1 (NA~0.25). For the factors
of overlapping I's and I', we derive the following values: I'; =0.59,',=0.81. Finally,

for the cross-sections for absorption and emission, for the wavelengths we are inter-
ested 1n, we derive:

o8 =1.69x10% ;0 =2.89x10 % nP; 0/ =2.02x10 % n;65 =0 (6)
Because it 1s impossible to measure them accurately, in the numerical model we have
not taken into account the losses when the signal and pumping emission is introduced
in the fiber, nor the losses when the signal emission 1s taken out of the fiber and intro-
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duced into the detector. This 1s the possible reason which has led to a difference be-
tween the experimentally measured and numerically calculated values of the amplifi-
cation coefficient of the order of 4 dB. To compensate for these losses, we have intro-
duced respectively two correction parameters k andk, . Their values k =0.29,k, =0.84

have been derived by comparing the numerical and the experimental data. In the nu-
merical model they have been introduced by correcting the values of the absorption
and emission cross-sections as follow: kxo}; k,xof. Once defined, those parameters do

not change when there 1s variation of the pumping power or the signal emission in the
two amplifier operation modes considered: amplification of a weak signal and satura-
tion of the amplification. Using them leads to a good correspondence (difference up to
10%) between the experimental and numerical results.

4. Comparison between the experimental and the numerical results

In this paragraph we have compared the numerical results derived with the model of
the effective bandwidth of the amplified spontaneous emission given by (1) u (2) to
the experimental results derived using the experimental setting presented above in the
two basic modes of the amplifier: a) when there 1s small signal gain and b) in a mode
of gain saturation.

In the small signal amplification mode, the speed of the transition of the electrons of
the metastable *1,, level in the erbium is much higher than the speed of the spontane-

ous emission. In this mode, the amplification remains constant with the increasing of
the signal strength. We have studied the following dependencies when there 1s ampli-
fication of a small signal: a) variation of the signal emission power when there are
two fixed pumping powers (fig. 3); b) variation of the pumping emission power when
there 1s fixed signal power (fig. 4).
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Fig.3. Numerical and experimental data for small signal amplification: variation of the
signal emission power when there are two fixed pumping powers 150 and 40 mW.

The maximum difference between the experimental and numerical result exists for
signal powers of the order of -39.4dBm and comprises 5.3%. Below we have pre-
sented the curves of amplification depending on the pumping power for four fixed
signal powers: P=-39.4, -30.1, -20.7 and -15.3dBm.
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Fig. 4. Numerical and experimental data for the amplification of a weak signal with
signal powers (see legend) -15.3, -20.7, -30.1, -39.4dBm and variation of the pumping
power.

The comparison between the experimental and numerical results presented in Fig. 4
shows a very good correspondence. On the other hand, the experimental and numeri-

cal results derived are well-combined with the published ones known 1n [2].

In the gain saturation regime the pumping power is high enough to exhaust the basic
energy level. In this case, when the signal power is increased, the amplification de-
creases. Below we have presented dependencies of the amplification on the power of
the signal emission when there 1s fixed pumping power.
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Fig. 5. Numerical and experimental data when there 1s saturation of the amplification:
for fixed pumping powers of 40 and 150 mW: a) (left) dependence of the coefficient
of amplification on the power of the input signal; b) (right) power of amplification
saturation.
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The power of amplification saturation is the power of the output signal when there 1s
fixed pumping power where the amplification decreases by 3 dB. This parameter 1s an
indicator of the amplification saturation in EDFA where further increasing of the sig-
nal power leads to sharp decreasing of the amplification. The results from the numeri-
cal modeling show that when the pumping emission 1s 150 mW, the amplification
saturation power 1s ~10.8 dBm, while the experimental data shows as value for this
power ~11.7 dBm. When the pumping power has a power of 40 mW, the amplifica-
tion saturation power is respectively 4.89 dB in the experiment and 5.35 dB in the
numerical modeling. The deviation of the numerical data from the experimental data
in both the cases presented does not exceed 10%, which means that even in an ampli-
fication saturation mode, there is a relatively good quality correspondence between
the numerical model and the experimental results.

5. Conclusion

In this paper we have studied the applicability of the model of the effective bandwidth
of the amplified spontaneous emission for the description of the characteristics of an
optical amplifier with erbium-doped fiber. The comparison made between the basic
results derived using this model and the experimental data shows a good quality cor-
respondence in both operation modes of the amplifier: a) amplification of a small sig-
nal; and b) in the area of amplification saturation when there are higher powers of the
signal emission. On the other hand, both the experimental and numerical results de-
rived here are well-coordinated with the published ones known 1n [2].

We should not forget that, due to lack of information in our experimental setting on
the losses at the time of the insertion of the light into the fiber, and the losses at the
time of extraction of the signal out of the fiber and its introduction into the detector in
the numerical model, we have introduced two fitting parameters. Irrespective of this
circumstance, however, we consider the results presented a reason to claim that the
model using the noise power effective spectral width can be applied successfully in

the analysis of an optical erbium-alloyed fiber amplifier.
This research 1s funded by the project 102 m1 122-20 with TU-Sofia.
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